Based on first-principles calculations and symmetry analysis, we report that the three-dimensional (3D) nodal line (NL) semimetal phases can be realized in the lead dioxide family (α-PbO2 and β-PbO2) and its derivatives. The β-PbO2 features two orthogonal nodal rings around the Fermi level, protected by the mirror reflection symmetry. The effective model is developed and the related parameters are given by fitting with the HSE06 band structures. The NLs mainly come from the p orbitals of the light element O and are rather robust against such tiny spin-orbit coupling. The NL phase of the α-PbO2 can be effectively tailored by strain, making a topological phase transition between a semiconductor phase and a NL phase. In addition, the exploration of β-PbO2 derivatives (i.e. β-PbS2 and β-PbSe2) and confirmation of their topological semimetallicity greatly enrich the NL semimetal family. These findings pave a route for designing topological NL semimetals and spintronic devices based on realistic PbO2 family.
I. INTRODUCTION
Nodal semimetals [1] [2] [3] [4] [5] [6] characterized by the patterns of band-crossing nodes around the Fermi level have attracted broad interest recently in condensed matter physics and material science. Based on different patterns of the band-crossing nodes (either zero-dimensional discrete points or one-dimensional continuous lines) in momentum space [7, 8] , nodal semimetals fall into different categories, for instance, Dirac (Weyl) semimetals [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and crossing nodal line semimetals . In contrast to Dirac (Weyl) semimetals, the latter with nontrivial line connectivity includes nodal line (NL) semimetals [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] , nodal chain semimetals [42, 43] , nodal link semimetals [44] [45] [46] , and other nodal connected semimetals [47] [48] [49] [50] . These NL semimetals have attracted plenty of interest due to the remarkable physical properties, such as the ultrahigh mobility [51] , the flat drumhead-like surface states , the long-range Coulomb interaction [52] , the flat Landau level spectrum [53] , the special collective modes [54] , etc.
However, due to the lack of an ideal candidate and its experimental realization, these remarkable properties of NL semimetals are less explored. To date, although some theoretical NL semimetals have been proposed, these materials are often suboptimal and suffer from various drawbacks: such as the nodal line located far away from the Fermi level and entangled with other irrelevant trivial bands, as well as the complex materials hard to implement experimentally. Therefore, searching for realistic materials with ideal NL characters will provide an important platform to investigate such fascinating physical properties in NL semimetals.
In this paper, overcoming all these drawbacks, we the-oretically propose that the ideal NL semimetal states can be realized in the PbO 2 family (α-PbO 2 and β-PbO 2 ), which are widely uesed as classical positive electrode materials in the lead-acid battery [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . These materials have already been synthesized in experiment more than a century and attracted tremendous interest from academy to industry. Unlike other proposed three perpendicular NLs such as Cu 3 PdN [65] , LaN [66] , and CaTe [67] , we show that the β-PbO 2 exhibits two orthogonal nodal rings with a negligible spin-orbit coupling (SOC). Such two nodal rings in β-PbO 2 are protected by two perpendicular mirror planes (i.e., (110) plane and (110) plane). A two-band model is developed for this system. Besides, the hallmark drumhead-like surface states are presented explicitly. Under the hydrostatic strain, topological phase transitions between a semiconductor phase and a topological nodal line (TNL) phase can be triggered in both β-PbO 2 and α-PbO 2 . With such weak SOC, the NL state in β-PbO 2 is driven into a topological Dirac semimetal state protected by fourfold screw rotation (C 4z ) symmetry. Moreover, the prediction of β-PbX 2 derivatives (i.e., β-PbS 2 and β-PbSe 2 ) and the conformation of their semimetallicity have greatly enriched the NL semimetal family.
To obtain accurate structures of PbO 2 family, a recently developed van der Waals (vdW) density functional (i.e., SCAN+rVV10) is employed [68] . The SCAN+rVV10 method can reach the accuracy comparable to that of higher-level methods such as random-phase approximation (RPA), while the computational cost can be reduced significantly. The first-principles calculations are performed by using the Vienna ab initio simulation package (VASP) based on the generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) [69] functional and the projector augmented-wave (PAW) pseudopotential [70] . The cutoff energy is set as 500 eV. During the structural optimization of PbO 2 family, all atomic positions and lattice parameters are fully optimized. The energy and force convergence crite- ria are set to be 10 −5 eV and 0.001 eV/Å, respectively. The screened exchange hybrid density functional HSE06 [71, 72] is adopted to further correct the electronic structure. Here we construct the maximally localized Wannier functions (MLWFs) by employing the Wannier90 code [73] . The surface state calculations are implemented in WannierTools package [74] based on the Green' s functions method. To optimize the structural configuration of α-PbO 2 and β-PbO 2 more precisely, the more advanced SCAN+rVV10 method is applied besides the PBE one. The calculated detailed structural parameters are summarized in Table I . Remarkably, we find that the calculated structural parameters of α-PbO 2 and β-PbO 2 by the SCAN+rVV10 method are in excellent agreement with the experimental results [61] . Hence, we take the lattice constants of α-PbO 2 and β-PbO 2 by the SCAN+rVV10 method to further study in our work hereafter.
III. TOPOLOGICAL NODAL LINE SEMIMETAL STATES IN β-PBO2
We first study the bulk electronic properties of α-PbO 2 and β-PbO 2 , whose Brillouin zones (BZs) are displayed in Fig linear band-crossing nodes appear along the high symmetry lines in both phases of PbO 2 . To further check their linear band-crossing nodes, the more sophisticated HSE06 method is also employed to calculate the band structures, as shown in Fig. 2(b) and Fig. 2(d) . As can be seen clearly, there are linear band-crossing nodes along the M → Γ and Γ → Z paths in β-PbO 2 , while the band structure of α-PbO 2 behaves the total characteristic of semiconductors with a direct gap of 0.23 eV under equilibrium state.
Regarding the space group P42/mnm (D andM xy (110), as plotted in Fig. 3(a) . Since the M → Γ and Γ → Z paths, along which the band-crossing nodes emerge, are on theM xy (110) mirror invariant plane, the mirror eigenvalues will be a good quantum number to label the bands on the mirror invariant planes. As shown in Fig. 2(d) , the CBM and the VBM have opposite signs of the eigenvalues with respect to theM xy (110) plane, and the band-crossing nodes between these two bands do not just appear at two isolated nodes on the M → Γ → Z lines but actually constitute a continuous nodal ring around the Γ point on theM xy (110) plane. The similar analysis also applies to theM xy (110) mirror plane. Therefore, two nodal rings in β-PbO 2 are exactly lying on the mutually perpendicular two mirror invariant planes (M xy (110) andM xy (110)), as displayed in Fig. 3(c) . This kind of representative NL structure in β-PbO 2 is different from the recent predictions of three perpendicular nodal rings such as Cu 3 PdN [65] , LaN [66] , and CaTe [67] . In addition, the energy range of linear dispersion in β-PbO 2 is almost 3 eV (Fig. 2(c) ), much larger than other proposed NL materials. This makes the β-PbO 2 could become a promising candidate for investigating the novel physics associated with TNL semimetals.
In general, there are two typical protection mechanisms for the TNL in absence of SOC system, i.e., mirror symmetry as well as the combination of the spatial inversion (P) and time-reversal (T ) symmetries. The configuration of the NLs manifests that β-PbO 2 is protected by the mirror symmetry, which is verified by the direct calculation of the eigenvalue of the mirror. This is quite different from the case where the NLs are protected by the PT symmetries. Such NLs usually take the special form of the so-called snakelike loop (not necessary to lie on the mirror invariant planes), e.g., in alkaline-earth compound AX 2 (A = Ca, Sr, Ba; X = Si, Ge, Sn) [75] and triclinic CaAs 3 [76] . To further validate our view- point, we introduce artificial perturbations to break the inversion symmetry (no PT symmetries) while keeping the one mirror symmetry (M xy (110) mirror) unchanged. This method involves moving O 1 , O 2 , and Pb 3 atoms while retaining other atoms, as shown in Fig. 3(a) and Fig. 3(b) . Our calculated result shows that the NL lying on theM xy (110) mirror plane is intact, as shown in Fig. 3(d) . These confirm that the two mutually perpendicular NLs in β-PbO 2 are protected by the mirror symmetries rather than the PT symmetries.
In the following, we will address the topological properties of the β-PbO 2 . The Berry phase along a closed path C threading a nodal ring in 3D NL semimetals with PT symmetries can be taken as a topological invariant to describe their topological properties [7, 77] . Such Berry phase can be defined as φ B = C A(k) · dk, where
is the Berry connection of the occupied state and the closed path C threads the NLs. If loop C encloses the NL, one has a Berry phase of φ B = π; otherwise, φ B = 0. We obtain that the Berry phase along a loop C threading the NL located onM xy (110) orM xy (110) mirror plane equals π. To directly present the intriguing TNL properties in β-PbO 2 , the projected surface states for the (100) surface are obtained by using the MLWFS, where a flat surface band is clearly visible, as shown in Fig. 4(a) . Interestingly, the drumhead-like surface states are nearly flat with small dispersion, which indicates a high density of states around the Fermi level. In particular, a visual isoenergy band contour of the surface at the Fermi level is shown in Fig. 4(b) , which is one effective approach to observe the drumhead-like surface state. The relevant surface states and isoenergy band contour of the surface in β-PbO 2 at (110) surface are obtained in Fig. 4(c) and Fig. 4(d) . Such drumhead-like surface states of β-PbO 2 could be proposed as a route to achieving highperformance catalysis [78, 79] .
To capture the main physics, we develop an effective two-band model based on the symmetry of the 3D NL semimetal β-PbO 2 . The opposite mirror eigenvalues imply that the corresponding mirror symmetries can be chosen asM xy = −σ z andM xy = −σ z , and the mirror symmetries are given an additional constraint to Hamiltonian defined as:
(1) Furthermore, the system contains inversion symmetry (P) and time reversal symmetry (T ). The two bands have same parity and thus the inversion operator (P) can be chosen as P = σ 0 . The time reversal symmetry (T ) takes the form as T = K, and the K is the complex conjugate operator. In addition, the system has the four- fold screw rotation symmetry, and the CBM and VBM along the high-symmetry line Γ → Z can be labeled by the fourfold screw rotation eigenvalues -1 and +1, respectively. Then, the fourfold screw rotation operator can be written asC 4z = −σ z . Here, σ 0 is the identity matrix, and σ x,y,z are Pauli matrixes. To characterize the lowenergy physics of β-PbO 2 , the two-band model Hamiltonian under the symmetry constraints can be expressed as:
The corresponding parameters obtained by fitting with the band structure from the HSE06 method are listed in Table II . The band structure calculated by two-band model Hamiltonian agrees well with the one obtained by the HSE06 method, as shown in Fig. 2(d) .
IV. STRAIN INDUCED PHASE TRANSITION IN α-PBO2 AND β-PBO2
On one hand, hydrostatic strain acts a key role in tuning electronic properties in practice. In Fig. 5(a) and Fig. 5(d) , we plot the evolution of the band gap under different hydrostatic strain via the HSE06 method. The strain-gap curves show that a transition from semiconductor phase to TNL phase in α-PbO 2 under certain tensile strain. At the same time, one can also evaluate the robustness of the NL nature against the hydrostatic strain. Specifically, for β-PbO 2 , the TNL states are robust for small hydrostatic pressure strain and any hydrostatic tensile strain. For the α-PbO 2 , larger hydrostatic tensile strain (> 1.8%) is needed to drive the otherwise semiconductor phase to the TNL states. These valuable findings are very beneficial for the future experimental preparation and make these 3D TSMs highly adaptable to various application environments.
V. THE EFFECT OF SOC ON THE 3D DIRAC SEMIMETAL STATE IN β-PBO2
In the presence of the rather weak SOC effect, strictly speaking, the TNL states in β-PbO 2 will evolve into Dirac points along the ΓZ line and protected by the fourfold screw rotation (C 4z ) symmetry, but with a tiny gap ( 1 meV, much smaller than the room temperature energy scale 26 meV) opened along the M → Γ path (Fig. 6(a) ). The (100) surface state in Fig. 6(b) clearly shows the gapless bulk state and a hallmark pair of Fermi arcs along the −Z → Γ → Z path. To further identify the detailed connection of Fermi arcs, the Fermi arcs at the E f =-26 meV can be specifically shown around these projected Dirac nodes, as shown in Fig. 6(c) . When theC 4z is broken, e.g., by the shear strain effect, the band-crossing node will disappear resulting in a trivial band insulator, as shown in Fig. 6(d) .
VI. TOPOLOGICAL NODAL LINE STATES IN THE DERIVATIVES OF β-PBO2: β-PBX2 (X=S, SE)
In order to enrich the TNL family, we further explore the electronic properties of their derivatives β-PbX 2 (X=S, Se) via the HSE06 method. As twinborn structures of β-PbO 2 , i.e., β-PbS 2 and β-PbSe 2 , they also show TNL phases, as presented in Fig. 7(a) and Fig. 7(c) , the band crossing nodes of β-PbS 2 and β-PbSe 2 are gapless due to the mirror symmetries (M xy andM xy ). The relevant surface state and isoenergy band contour of the surface in β-PbS 2 and β-PbSe 2 at (100) surface are obtained in Fig. 7(b) and Fig. 7(d) . These derivatives of β-PbO 2 provide more candidates for investigating the novel physics associated with TNL semimetal in the experiment. 
VII. CONCLUSION
In this paper, based on first-principles calculations and symmetry analysis, two phases of PbO 2 (α-PbO 2 and β-PbO 2 ) with stable structure have been discussed. We have reported that β-PbO 2 is an intrinsic TNL semimetal due to the mirror symmetry with negligible SOC, and α-PbO 2 has a transition between the semiconductor phase and TNL phase under the hydrostatic strain. Moreover, the drumhead-like surface state of β-PbO 2 near the Fermi level is obtained. If the weak SOC is considered, TNL in β-PbO 2 evolves into a pair of stable 3D Dirac points as protected by fourfold screw rotationC 4z symmetry. In addition, the exploring of β-PbO 2 derivatives (i.e. β-PbS 2 and β-PbSe 2 ) has also been greatly extended the TNL family. Our findings thus provide a valuable playground to explore the intriguing physics in further experiments.
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